Traumatic spinal cord injury is characterized by an immediate, irreversible loss of tissue at the lesion site, as well as a secondary expansion of tissue damage over time. Although secondary injury should, in principle, be preventable, no effective treatment options currently exist for patients with acute spinal cord injury (SCI). Excessive release of ATP by the traumatized tissue, followed by activation of high-affinity P2X7 receptors, has previously been implicated in secondary injury, but no clinically relevant strategy by which to antagonize P2X7 receptors has yet, to the best of our knowledge, been reported. Here we have tested the neuroprotective effects of a systemically administered P2X7R antagonist, Brilliant blue G (BBG), in a weight-drop model of thoracic SCI in rats. Administration of BBG 15 min after injury reduced spinal cord anatomic damage and improved motor recovery without evident toxicity. Moreover, BBG treatment directly reduced local activation of astrocytes and microglia, as well as neutrophil infiltration. These observations suggest that BBG not only protected spinal cord neurons from purinergic excitotoxicity, but also reduced local inflammatory responses. Importantly, BBG is a derivative of a commonly used blue food color (FD&C blue No. 1), which crosses the blood-brain barrier. Systemic administration of BBG may thus comprise a readily feasible approach by which to treat traumatic SCI in humans.
A
TP has been implicated in acute and chronic neuropathic pain and inflammation (1, 2) and it is released in large amounts after tissue injury. In the setting of spinal cord injury (SCI), ATP release is increased in peritraumatic areas for Ͼ6 h (3). Because tissue damage is progressively worsened by events that occur after the primary traumatic event, therapeutic interventions that minimize such secondary injury are of considerable clinical interest.
Among the ATP-sensitive purinergic receptors, the P2X7 receptor (P2X7R) is unusual in that it can form a large, macromolecular pore upon repetitive or prolonged exposure to high concentrations of ATP (4) . This receptor is particularly important in the context of SCI, because it is abundantly expressed by spinal cord neurons (3) . Spinal cord neurons respond to ATP with excessive firing followed by irreversible increases in Ca 2ϩ , and ultimately cell death. All of these events may be prevented by P2X7R antagonists (3) . To test the idea that the blockade of purinergic receptors might improve the outcome of SCI, we had previously shown that intraspinal injection of the P2X7R antagonist OxATP in the peritraumatic zone reduced spinal cord damage (3) . Not only did OxATP-mediated P2X7R inhibition reduce the loss of motor neurons, but it also promoted subsequent functional recovery in the lesioned animals.
Inflammatory responses contribute to the late irreversible loss of peritraumatic tissue after SCI (5) . P2X7 receptors were first discovered in leukocytes, and P2X7R activation leads to production and release of interleukins and other cytokines, to the activation of matrix metalloproteinase-9, and to cell death via caspase activation. In addition, microglial cells express P2X7R (6) , and P2X7R expression is increased in activated microglia in pathologies as diverse as amyotrophic lateral sclerosis, ischemic cortical injury, kainate-induced seizures, and Alzheimer disease.
These observations suggest that microglial and leukocytic P2X7 is a potential target for limiting inflammatory responses to SCI. In fact, P2X7R antagonists may potentially reduce secondary damage after SCI, both by directly inhibiting excitatory neuronal damage and by reducing both local and systemic inflammatory responses to the traumatic event.
Although our previous data established a proof of principle that P2X7R antagonists can reduce the severity of acute SCI, the inability of OxATP to cross the blood-brain barrier, as well as its cardiovascular toxicity, seriously limited the clinical utility of this compound (7). On investigating potential alternatives to OxATP, we found that a commonly used food additive, FD&C blue dye No. 1 (or brilliant blue FCF), is both structurally and functionally analogous to a highly selective P2X7R antagonist. FD&C blue dye No. 1 is a synthetic dye approved by the Food and Drug Administration as a food additive. FD&C blue dye No. 1 is regarded as one of the safest dyes in current use, with no toxicity at doses up to 12 mg/kg per day in healthy animals (8, 9 ).
An analog of FD&C blue dye No. 1, Brilliant Blue G (BBG), is a commonly used selective P2X7R antagonist. The low toxicity (10) and high selectivity of BBG (11) make this compound an ideal candidate for blocking the potential adverse effect of P2X7R activation in peritraumatic regions after SCI. The prospect of administering a neuroprotective drug with no known adverse effects is particularly attractive in the setting of acute traumatic injury. In this article, we explore the therapeutic benefit of BBG in a rat model of SCI. We report that BBG reduces spinal cord damage and improves motor recovery by directly reducing activation of microglia and astrocytes, as well as neutrophil infiltration in the peritraumatic area.
Results

BBG Administered Intravenously Accumulates in the Area of the Spinal
Cord Lesion. To evaluate the neuroprotective action of BBG, we evaluated functional motor recovery as well as histological injury following weight-drop injury of the thoracic spinal cord in rats (Fig. 1) . We first assessed the toxicity and blood-brain barrier permeability of BBG. On the basis of prior reports that no adverse effects were observed after oral administration of 1,000 mg/kg per day of FD&C Blue No. 1 (12) and that intestinal absorption is Ϸ5% (13), we administered 2 doses of BBG, 10 or 50 mg/kg per day, immediately after injury and for 3 consecutive days. To ensure rapid delivery of the P2X7 antagonist to the traumatized tissue, BBG was given intravenously. The albino rats used in the study exhibited noticeable blue coloring of the eyes after receiving either dose of BBG. Rats treated with 50 mg/kg also showed coloring of the skin, which slowly subsided over the course of 1 week ( Fig. 2A) . Initial studies showed that neither regime of BBG administration had effects on behavior, weight, survival, or other physiological parameters, including body temperature, blood pH, blood gases, or blood pressure.
To obtain an objective measure of the blood-brain barrier permeability of BBG in the setting of SCI, BBG was quantified in the lesion area as well as in uninjured tissue located Ͼ2 mm from the lesion border. In rats receiving 10 mg/kg, BBG averaged 9.94 Ϯ 8.32 M within contused spinal cord tissue (Fig. 2B) . In rats that received 50 mg/kg of BBG, a mean concentration of 43.59 Ϯ 14.64 M BBG was achieved in the lesion 3 days later, whereas surrounding tissue contained lower but still detectable levels (0.92 Ϯ 2.21 M) (Fig. 2B) . These values reflect the total tissue content of BBG; it is likely that the concentration of free BBG is lower due to the high binding affinity of BBG for proteins, as is characteristic for all Coomasie dyes (14) . Nevertheless, BBG outside the lesion was minimal, indicating that BBG primarily entered the lesion via the disrupted blood-spinal cord barrier.
BBG Improves Behavioral Recovery and Reduces the Size of the Lesion.
Motor behavior was assessed in open-field testing by using the 21-point Basso, Beattie, and Bresnahan (BBB) locomotor rating scale after traumatic SCI in both vehicle-and BBG-treated animals (15, 3) . Functional recovery was evaluated daily for the first 3 days, and twice weekly for the next 6 weeks. All animals developed complete paraplegia after the traumatic SCI injury, corresponding to a BBB score of 0-1, but exhibited modest improvements of motor function as early as days 2-3 after injury. Recovery then proceeded relatively rapidly during the first 13 days, and continued at a slower pace thereafter (Fig. 3A) .
Throughout the entire recovery period, animals from the 2 BBG-treated groups recovered motor function faster than the Spinal cord injury in rats was inflicted by a weight-drop impact (10 g weight dropped from a height of 12.5 mm at T11-T12). Vehicle or BBG at 10 or 50 mg/kg was administered intravenously right after injury and once daily on days 2 and 3. Motor function was evaluated in a first group of rats from days 1-42. Tissue injury was evaluated on longitudinal sections of spinal cord prepared at day 42. Acute inflammatory responses were quantified in a second group of rats processed for immunohistochemistry at day 4. vehicle-treated controls. This difference reached statistical significance at day 10, with BBG-treated rats scoring 6.3-6.6 on the BBB scale, whereas nontreated rats were Ͼ2 points lower (P Ͻ 0.05, ANOVA). At day 42, the BBB scores were 11.7 Ϯ 0.3 and 11.9 Ϯ 0.5 in rats receiving 10 and 50 mg/kg BBG, respectively. The best-performing of the BBG-treated animals exhibited both forelimb-hindlimb coordination and consistent weightsupported plantar steps (Fig. 3A) . In contrast, at 42 days after spinal contusion, vehicle-treated animals scored significantly worse (9.4 Ϯ 0.3, P Ͻ 0.01, ANOVA). Functionally, essentially none of the injured control rats displayed forelimb-hindlimb coordination, and only occasionally did they manifest weightsupported plantar steps. Thus, BBG significantly improved the recovery of hindlimb motor function, and the differences persisted to the last day of the study.
Lesion volume was then assessed in Luxol Fast Blue/cresyl violet-stained spinal cord sections sampled serially in the longitudinal plane. The lesions often contained vacuoles typical of traumatic injury in rats (Fig. 3B) , which exhibited complete loss of myelinated fibers, neurons, oligodendrocytes, and astrocytes within the lesion. Because the posttraumatic spinal cord showed considerable atrophy, we calculated the total lesion as the sum of the lesion volume plus the volume of the atrophic area.
Administration of either 10 or 50 mg/kg BBG caused a significant reduction in posttraumatic spinal cord tissue loss, as shown in Fig. 3 C and D. At 6 weeks BBG was still clearly visible in the spinal cord lesion in rats treated with 50 mg/kg, whereas the blue color was less prominent in rats that received 10 mg/kg BBG. Interestingly, BBG had a more profound suppressive effect on atrophy than on lesion size, consistent with the idea that the primary target of BBG is to limit secondary injury.
BBG Reduces Microglial Activation and Reactive Gliosis in the Injured
Spinal Cord. Resting microglia are characteristically small cells with long, ramified processes. To evaluate the impact of BBG administration on microglial activation following SCI, we first used immunohistochemistry to quantify Iba1 expression. The Iba1 antigen is involved in motile properties of cells of the macrophage/microglial lineage, and is expressed by quiescent as well as activated microglia (16) . Iba1 immunolabeling revealed that microglia in the BBG-treated group exhibited longer processes than in the vehicle group at 4 days and 6 weeks postinjury (Fig. 4B) . Moreover, when the number of activated microglial cells was quantified by immunodetection of CD68 ϩ microglia, a clear reduction in the number of CD68 ϩ cells in the peritraumatic area was observed at 4 days after BBG treatment (P Ͻ 0.01 for both BBG concentrations, Fig. 4B ). The BBG-induced suppression of CD68 ϩ cells persisted throughout the first 6 weeks after injury (P Ͻ 0.05 for 10 mg/mL BBG and P Ͻ 0.01 for 50 mg/mL BBG). Analysis of the astrocytic response showed a significant increase in GFAP immunoreactivity in proximity to the injury site compared with astrocytes located further from the damaged area (34 Ϯ 10% increase, P Ͻ 0.05, Fig. 4C ), consistent with the appearance of SCI-associated local astrogliosis. Morphologically, these regions were characterized by hypertrophic astrocytes with multiple GFAP ϩ processes (Fig. 4C) . In contrast, peritraumatic astrocytes from animals treated with 10 mg/mL BBG were morphologically indistinguishable from astrocytes located distant to the injury site, and exhibited a fluorescence intensity only 7 Ϯ 2% higher than control (P Ͼ 0.05) (Fig. 4C) . Thus, BBG treatment significantly reduced the severity of initial reactive gliosis after SCI (P ϭ 0.036). This effect was transient, because we did not observe any significant difference in GFAP intensity at 6 weeks postinjury (P ϭ 0.99, Fig. 4C ). These data indicate that BBG clearly reduced both astrocytosis and microglial invasion of the peritraumatic zone (Fig. 4 A-C) .
BBG Treatment Diminishes Neutrophil Infiltration After SCI. Both neutrophils and lymphocytes express high levels of P2X7R and infiltrate lesioned tissue as part of the systemic immune response to SCI (17) . Because BBG was administered intravenously, we asked whether BBG decreased secondary tissue loss by counteracting extravasation of leukocytes after SCI. To this end, neutrophils were stained by using an antibody against myeloperoxidase (MPO), and T-lymphocytes were identified by using an antibody against CD8. At 4 days after injury, control animals showed strong increase in the intensity of MPO immunosignal in areas near the injury (107 Ϯ 16% increase). This increase was markedly reduced by treatment with 10 mg/kg BBG (68 Ϯ 7% intensity increase, P Ͻ 0.05, Fig. 4D ). At 6 weeks postinjury, the MPO immunosignal was below detection in both vehicle-and BBG-treated animals (Fig. 4D) . Thus, neutrophil invasion was significantly attenuated by BBG. On the other hand, although a trend toward fewer CD8 ϩ T cells was observed in the BBGtreated groups, it did not reach statistical significance (Fig. 4D) .
Discussion
No effective treatment is currently available to treat acute spinal cord injury, apart from the use of steroids, which provide at best modest protection to a subset of patients (18) . In this study, we propose the use of a systematically administered P2X7R inhibitor as a clinically feasible strategy for the treatment of SCI.
We found that i.v. administration of the P2X7R inhibitor BBG significantly reduced the severity of spinal cord damage without any evident toxicity. Remarkably, BBG is a derivative of the widely used food additive FD&C Blue number 1 (BB-FCF). Currently, more than 1 million pounds of FD&C blue dye No. 1 are consumed yearly in the United States, corresponding to a daily intake of 16 mg per person; it has no known toxicity, except for the potentiation of metabolic acidosis in septic patients. This favorable toxicity profile, paired with its potent P2X7R inhibition, prompted us to test the neuroprotective actions of its close structural relative, BBG, in SCI. Our analysis showed that BBG significantly reduced spinal cord injury; its only notable side effect was the transient acquisition of a blue tint to the skin.
P2X7 receptors are unique among purine receptors in that they posses a low affinity for binding to ATP. Whereas the binding constant of other members of the P2X and P2Y receptor families is in the low M range, P2X7 receptors bind with an affinity of Ϸ140 M. Elevation of extracellular ATP concentration in the high M range is most likely only attained in the setting of acute injury. It is not surprising then that P2X7 receptors were first discovered in macrophages, in which injuryassociated receptor activation triggers the opening of a large membrane pore, followed by the release of inflammatory mediators. P2X7Rs are more broadly recognized for their proinflammatory effects, in that they trigger the release of interleukins, including IL-1␤ (19) , activation of superoxide release and caspase activation (20) , as well as cycloxygenase-2 and tumor necrosis factor-␣ (TNF-␣) (21, 22) . Blockade of P2X7R has accordingly been shown to attenuate microglial activation and inflammation (23) .
Spinal cord trauma is associated with a striking increase in ATP release that lasts for at least 6 h after the initial injury (3). We have previously found that P2X7 receptors are expressed by spinal neurons, and that both ATP and BzATP (a P2X7 receptor agonist) triggered irreversible increases in cytosolic Ca 2ϩ and neuronal death. Moreover, direct intraspinal injection of a P2X7 receptor antagonist, oxATP, reduced neuronal death and improved motor recovery when delivered shortly after the traumatic event. Although these experiments were important as a proof-of-principle, they offered no immediate avenue for clinical translation because intraspinal injection is rarely clinically feasible in the setting of an already injured cord. In this study, we capitalized on the availability and nontoxicity of systemically administered BBG to establish a means of systemic P2X7R inhibition. We found that BBG indeed acted as a potent CNS anti-inflammatory compound that suppressed activation of astroglial and microglial cells. Moreover, BBG suppressed neutrophil infiltration, suggesting that BBG not only reduced the local inflammatory response, but also reduced leukocyte infiltration from the periphery. As neutrophils release reactive oxygen species, chemokines and other key determinants of secondary tissue damage (24) , the invasion of neutrophils after SCI is closely linked to the severity of secondary spinal cord injury. In addition, leukocyte infiltration may be important for the progressive collapse of the microvasculature observed after SCI (25) . That being said, the i.v. route of delivery also expands the number of cell types potentially affected by the P2X7 receptor blockade, hence introducing the possibility of off-target effects.
BBG targeted resident microglial cells because they express high levels of P2X7 receptors. BBG thus strongly inhibited microglial cell activation at both 4 and 48 days after injury. As such, the suppression of reactive gliosis in rats treated with BBG might be secondary to the blockade of P2X7R in microglia. Astrocytes normally express low levels of P2X7 receptors (26) (27) (28) , but IL-1␤ promotes increased levels of glial P2X7R expression (29) so that astrocytes too may be direct targets of the P2X7R blockade in the setting of inflammation. Together, these data suggest that the neuroprotective actions of BBG result from the blockade of P2X7 receptor activity in multiple cell types, including neurons, microglia, astrocytes, and inflammatory cells.
The hypothesis that inflammation contributes to the pathogenesis of neurodegenerative diseases has led to the idea that anti-inflammatory drugs can halt disease progression (30) . The neuroprotective potential of the small BBB-permeable tetracycline antibiotic, minocycline, has recently been explored in a number of neurodegenerative diseases, as well as in stroke and spinal cord injury. In animal models of SCI, minocycline reduced microglial activation, cell death, and lesion size with significant motor recovery (31) . Nevertheless, Pinzon et al. (32) did not find functional motor improvement in a similar model of contusive SCI, questioning the effectiveness of minocycline in SCI treatment.
Another more potent anti-inflammatory, the steroid methylprednisolone, has been used as a treatment for SCI, and can significantly improve motor and sensory function in SCI patients (18) . However, criticisms have been raised regarding the window of administration and overall effectiveness of the compound (33) . Nonetheless, it remains the only drug in clinical use that may provide some benefit in some cases of SCI.
A critical difference in the actions of BBG and both minocycline and methylprednisolone is that P2X7 receptors are activated within seconds when cytosolic ATP flows out of traumatized cells, whereas both steroids and minocycline target inflammatory processes far downstream to P2X7 receptor activation (34) . Another important difference is that P2X7 receptor expression is widespread, so that BBG thus has multiple cellular targets, including neurons and astrocytes, as well as microglia. BBG may thus have a unique therapeutic profile, capably suppressing the earliest steps in posttraumatic inflammatory cascades.
These data provide a strategy by which to limit secondary damage after SCI, using a broadly available, inexpensive, welltolerated, and systemically potent P2X7R inhibitor. In our rat model of spinal cord injury, early treatment with BBG significantly improved functional recovery, and reduced posttraumatic inflammatory responses and tissue loss. Although our analysis was focused on BBG as monotherapy for SCI, its low toxicity suggests that BBG may be added as adjunctive therapy to methylprednisone, minocycline, or other anti-inflammatories as well. Such combination therapy may well enhance the possibility of optimal recovery of function following traumatic injury to the human spinal cord.
Materials and Methods
Surgery, SCI, and Drug Administration. Adult Sprague-Dawley rats were anesthetized, a laminectomy was performed, and a catheter inserted for delivery of drugs (see details SI Materials and Methods). Spinal cord injury was applied with the weight-drop paradigm. BBG (10 or 50 mg/kg) or vehicle was given intravenously 10 -15 min after injury and once daily for the next 2 days (3 times total) and the animals were divided either for immunohistochemistry or for quantification of tissue injury. See SI Materials and Methods for details.
Preparation of BBG and Quantification of Its Concentration. BBG was dissolved in 0.9% NaCl for i.v. injection. For quantification of BBG concentrations in the spinal cord, tissue was collected 3 days after SCI. After isolation, pieces that contained the lesion site or that were 2 mm away from the tissue were weighted and homogenized. The BBG concentration in the tissue was quantified with a spectrophotometer at the maximal absorbance of BBG (576 nm) by using 280 nm for reference. See SI Materials and Methods for details.
Tissue Preparation and Immunohistochemistry. The rats were anesthetized, perfused with 4% paraformaldehyde, and the spinal cords were dissected and postfixed overnight. Twenty-micrometer coronal cryosections were obtained for staining with Luxol Fast Blue and cresyl violet or immunohistochemistry. The primary antibodies used in this study were anti-GFAP (1:500, Sigma), anti-Iba1 (1:500, Wako), anti-MPO (1:500, DAKO), anti-CD8a (1:50, BD), or anti-MAP2 (1:5000, Abcam). See SI Materials and Methods for details.
Quantification of Lesion Volume. For quantification of spinal cord damage, a group of cryosections was stained with the combined Klü ver-Barrera procedure to detect myelin. Areas in individual sections were measured by using imageJ software. Total lesion volume was defined as the sum of the lesion volume inside the spinal cord and the atrophy volume outside. The total lesion volume was obtained by the sum of the total lesion area multiplied by distance between the sections (200 m). The different groups were compared by using ANOVA with Tukey-Kramer posthoc test (probability values Ͻ0.05 were considered to be statistically significant). See SI Materials and Methods for details.
Quantification of BBB Scores. The BBB 21-point open-field locomotor rating scale was used for evaluating hindlimb movement (15, 3) . In our experiments, the rats were evaluated every day for the first 3 days and every 3.5 days for the remaining 6 weeks after injury. See SI Materials and Methods for details.
Quantification of Immunoreactivity and Statistical Analysis. After immunohistochemistry, spinal cord slides were subject to quantification by using the Image J software. For GFAP, Iba1, and MPO, immunostaining intensities in 4 areas (640 m ϫ 640 m) adjacent to the lesion were measured and normalized to fluorescence intensities detected in areas at least 10 mm from the injury (far injury area). For CD8 ϩ and CD68 ϩ cells, the number of nuclei in 4 near-injury areas (640 m ϫ 640 m) was counted. See SI Materials and Methods for details.
